The focus of this research is to determine the conditions under which passivity of Cu is (with the possibility of pitting) or is not possible, in anticipated bentonite pore water compositions expected to contact a Cu-coated container in a deep geological repository. Cyclic voltammetry has been used to deduce the active/passive maps that define the environmental conditions (in terms of [
The active/passive conditions for copper corrosion under nuclear waste repository environment 
Introduction
The present design of Canadian nuclear fuel waste containers for the permanent disposal of high level nuclear waste comprises a thick-walled steel vessel coated with a thin Cu layer (∼3 mm) to provide corrosion protection [1] . After emplacement in a deep geologic repository (DGR), where it will be surrounded with compacted bentonite clay, the container will be subjected to a number of corrosion processes [2] [3] [4] . Since exposure conditions will initially be oxidising due to the presence of O 2 trapped on sealing the DGR and the presence of oxidants produced by the radiolysis of the groundwater, there is a possibility of localised corrosion, in the form of pitting. A requirement for pitting to occur is that the Cu surface must be passive, the condition required to support the separation of anodes and cathodes which is a prerequisite for this form of corrosion. While the redox conditions established at the container surface are key in determining the susceptibility to localised corrosion, the composition of the bentonite pore water in contact with the container (near-field pore water), and the surface temperature established by the radiation decay processes in the wasteform inside the container will have a major influence on whether the required passive conditions can be established. The near-field pore water composition will depend on the water added to compact the clay, the solubility of minerals within the clay and how they change as the surface temperature evolves, and the longer term influence of the encroaching groundwater. Attempts to measure and calculate the near-field pore water concentrations have been undertaken [5] . For the critical early emplacement period when conditions will be oxidising, the near-field pore water composition is expected to be Cl ] extensive film breakdown leads to active general corrosion conditions. Thus, whether or not pitting occurs is commonly a balance between factors that promote passivation and factors that lead to film breakdown and the establishment of general corrosion.
A common method of assessing the possibility of localised corrosion is to measure and compare the corrosion potential (E corr ), the pitting breakdown potential (E b ), and the repassivation potential (E rp ). This is commonly achieved by applying a potentiodynamic scan to the metal immersed in the solution of interest [7] . Many such measurements have been made in Cu systems by Cong et al. [6] , who determined the effects of Cl − on E b and E rp and derived simple expressions for the relationships between the potentials and anion concentrations. These expressions were developed from measurements at room temperature, pH 8.3 and pH 9.5, and with anion concentrations in the range 10
, and the authors caution that the applicability of these expressions outside the range of measurements is uncertain.
The majority of these measurements suggest pitting should not occur under DGR conditions, an observation supported by a small number of long-term exposure measurements which indicate general corrosion leading to surface roughening is dominant [8] [9] [10] . However, E b and E rp are known to be distributed parameters, and considerable uncertainty remains with regard to the susceptibility to pitting. Owing to the small corrosion allowance of the Cu-coated container design, it is important to increase the level of confidence that pitting will not occur and that the Cu coating will corrode actively. The first step in establishing such confidence is to determine whether the container surface will be active or passive under DGR conditions. If active behaviour is assured then the possibility of pitting can be dismissed. If passive behaviour is possible then a more thorough evaluation of the relative values of E corr , E b and E rp is required to determine the susceptibility to pitting.
Here we present our determination of active/passive (A/P) maps, which define the conditions (in terms of [
], pH and T) under which passivity of Cu is (with the possibility of pitting) or is not possible. These A/P maps were determined from a series of cyclic voltammograms (CV), performed over a wide range of anion concentrations, pH and temperatures encompassing those anticipated in a DGR, and will provide a basis for container corrosion models, as well as guidelines regarding the water compositions used when compacting the bentonite, the repository saturation time, and the optimum container spacing.
Experimental

Electrodes and electrochemical cell
Phosphorous-doped, oxygen-free wrought copper supplied by the Swedish Nuclear Fuel and Waste Management Company (SKB-Cu) was used in the present experiments. The composition is presented in Table 2 . The SKB-Cu was machined into bars (0.7 × 0.7 × 19.4 cm 3 ) and a bare metal bar without casting and/or coating was used as the working electrode to avoid crevice corrosion occurring at the interface between the electrode and resin holder. Prior to an experiment, the Cu electrode was first ground with 1200 grit SiC papers lubricated with water, then rinsed thoroughly with Type I water (resistivity >18.2 MΩ cm) to remove any polishing residue, and dried in a stream of ultrapure Ar gas.
All electrochemical measurements were performed using a conventional three-electrode glass cell. Approximately 3.5 cm of the Cu bar electrode was immersed in solution, yielding an exposed area of ca. 10 cm 2 . A Pt sheet rolled into a cylinder was used as the counter electrode and a standard calomel electrode (SCE, 0.242 V vs. SHE) was used as the reference electrode; both were separated from the main compartment by porous frits. The cell was housed inside a Faraday cage to reduce electrical noise from external sources. Temperature (up to 80°C) was controlled by water circulating in a heating jacket surrounding the cell.
Electrolytes and environment
Electrolyte solutions were prepared with analytical grade reagents and Type I water obtained using a NANOPure system. All water was purged with Ar gas for one hour prior to the preparation of solutions. Once in the electrochemical cell, the solution was purged for a minimum of 20 min prior to an experiment to ensure an anoxic environment (a trace of O 2 remained however). Subsequently, the solution was continuously purged with a stream of Ar gas during the whole course of an experiment.
The following electrolytes were investigated, Table 3 . Since we expected that alkalinity would promote the passivity of copper, the solution pH was gradually increased from neutral until passivity was induced by adding NaOH and measuring with a pH metre (Thermo Scientific, Orion Star A211) at room temperature.
Electrochemical procedures
The Cu electrode was first cathodically treated to remove easily reduced oxides and desorbable contaminants, at −1.5 V/SCE and then at −1.15 V/SCE, each for 60 s. The electrode was then maintained at an open circuit condition for 30 min until E corr was well established. The potential was then swept from E corr in the positive (anodic) direction until the current reached 0.1 mA. The scan was then reversed (i.e. the potential swept in the negative direction) to avoid severe damage to the electrode, and the reverse scan terminated when the current dropped below −3 µA. To achieve reversibility/quasi-reversibility, the potential was swept at a low rate of 10 mV min . All electrochemical data were collected using a 1287 Solartron potentiostat connected to a computer equipped with CorrWare software.
Results and discussion
For an active system, the current increases exponentially with potential, indicating Cu to Cu + oxidation and dissolution. In addition, the current almost retraces itself on the reverse scan, Figure 1(a) . On the other hand, for a passive system, an anodic peak is observed indicating formation of Cu 2 O, followed by a constant or even decreasing current through the passive region as the potential becomes more positive, until a critical potential (E b ) where the current abruptly increases, Figure 1(b) . This fairly sharp break (a rapid increase in current with only a small change in potential) in the polarisation curve usually indicates the breakdown of passivation and the commencement of pitting.
Once localised corrosion occurs, the pits remain active for some time after the potential scan direction is reversed, resulting in a higher current at potentials where passive behaviour was previously observed (producing hysteresis). The existence of a positive current hysteresis during the negative-going potential scan, as shown in Figure 1(b) , is considered to be indicative of pitting corrosion. The repassivation potential, E rp , is the potential where pits cease activity, and is Table 1 . Predicted Canadian near-field pore water chemistry. Table 3 . Electrolyte systems and concentrations tested. generally taken to be the potential at which the current decreases back to the original passive current during the reverse scan.
We have been using these criteria to construct A/P maps, maps which show whether the Cu behaves actively or passively in a given environment (in terms of [Cl as shown in the E-pH (Pourbaix) diagram [11] . As the temperature increases, the regions within which passivity is possible contract, and completely disappear at 80°C
, the highest temperature tested. This could be explained as the enhancement of the difference between the rates of Cu + dissolution (Reaction (1)) and passive film formation in favour of dissolution when the temperature is increased,
Whether the Cu will be active or passive depends on the anion concentration, the pH (OH − concentration), and the temperature. Generally speaking, alkalinity and carbonate are beneficial to passivity whereas salinity and higher temperature promote active corrosion. The location of the boundary between regions where only active behaviour is possible and those where passivation is possible (the A/P boundary) can be conveniently estimated by assuming the demarcation lies approximately half-way between the measured points where only active behaviour is observed and those where passive behaviour is indicated as possible in the A/P maps. The derived A/P boundaries are summarised in Figure 3 . Although these A/P boundaries are presented in Figure 3 as curves, they should be interpreted as associated with grey areas on both sides of the boundary, since the exact transition points have not been located.
On examining Figure 3 , it is found that (Note that the list labels correspond to the sub-figures of Figure 3 , passivity is possible only at room temperature and when pH > 10, even if the solution contains bicarbonate/carbonate and sulphate.
Based on the A/P maps developed in the present work, active conditions should prevail for the anticipated ranges of near-field pore water compositions and pH in a Canadian DGR site (Table 1) . Passive conditions are only expected to dominate in carbonate and moderate sulphate content environments with very little or no chloride at low temperatures, conditions which are universally unattainable in a Canadian DGR.
Conclusions
(i) The conditions under which Cu is only active and those under which Cu can sometimes display passivity are summarised in A/P maps, which depend on the type of anions, the anion concentration, the pH, and the temperature. 
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